ABSTRACT In this paper, a novel photonic microwave waveform generation method with both frequencydomain synthesis (FDS) and time-domain synthesis (TDS) is proposed, for the first time to the best of our knowledge, by using cascaded modulation and an optoelectronic oscillator. By controlling the spectral lines in a polarization-modulated optoelectronic oscillator (P-M-OEO), a triangular waveform is generated according to the FDS, where a parallel part of the optimum modulation axis of the MachZehnder modulator (MZM) executes carrier suppression in the P-M-OEO, while its orthogonal part is left unmodulated. A quasi-rectangular waveform is then generated by directly modulating another MZM at the quadrature point. Additionally, a sawtooth or reversed-sawtooth waveform with 50% duty cycle and 100% duty cycle can be generated in TDS. In the experiment, a 3-GHz triangular waveform, a 3-GHz high-quality microwave signal, a 6-GHz frequency doubling signal, a 3-GHz quasi-rectangular waveform, a 3-GHz 50% duty cycle sawtooth or reversed-sawtooth waveform, and a 100% duty cycle sawtooth or reversed-sawtooth with frequency doubling are obtained simultaneously. The results verify the feasibility of the proposed scheme, and it holds a potential candidate for applications in photonic microwave signals.
I. INTRODUCTION
PHOTONIC microwave waveform generation has been extensively investigated for the applications in all-optical network transmission, radar detection, pulse compression and optical-wireless system [1] - [4] , due to its advantages such as large bandwidth, flexibility, anti-electromagnetic interference (EMI) and long transmission distance. Many methods for photonic microwave waveform generation and its radio over fiber as well as other applications have been reported [5] - [7] . For example, the Fourier synthesis method for optical arbitrary waveform generation (AWG) uses massive optical frequency comb lines generated by a modelocked laser (MLL), and AWG can be obtained by controlling hundreds of these spectral comb lines [5] . Although this method can generate accurate optical arbitrary waveforms, its experimental operation is sensitive to the control of the spectral lines in group due to the use of a space optical path. Alternative schemes for AWG generation are based on frequency-to-time mapping, where an MLL was used to generate a coherent broadband source which was reshaped by a polarization-interference module and then passed through a dispersive element and detected by a photodiode (PD) [7] - [9] . However, these schemes lack of high accuracy and flexibility because of the difficulty to control dispersion. Due to use of MLL to offer a coherent source in the above methods, it reduces the flexibility and accuracy of waveform generation. Additionally, externali modulation of continuous wave (CW) is a promising candidate to generate desired waveforms. Some methods have been reported, such as using dual-parallel Mach-Zehnder modulator (DP-MZM) to generate triangular and rectangular waveforms [11] , [12] , employing a polarization modulator (PolM) in the Sagnac loop to obtain AWG [13] , [14] , and polarization-dependent modulation efficiency of a Mach-Zehnder modulator (MZM) [15] and polarization-multiplexing dual-drive MZM [14] for triangular waveform generation, and dual-polarization modulator [17] and dual-polarization quadrature phase shift keying modulator [18] for Frequency-doubled microwave waveforms generation. However, it is difficult for these methods to precisely adjust many DC-biases of the DP-MZM so as to control the spectral lines for triangular waveform generation [11] , [12] , as well as to accurately control the polarization for AWG [13] - [15] . Moreover, the methods [5] - [22] based on frequency-domain synthesis (FDS) enjoy the advantage of accurately controlling a small number of spectral lines to obtain AWG, but it is difficult to control when there are a larger number of spectral lines.
Recently, AWG generation methods based on time-domain synthesis (TDS) have also been proposed [23] - [27] . Using the injection-locking technique to amplify the third-order harmonic component [23] , the triangular waveform can be generated by controlling the ratio of two branches of signals merged at the polarization beam combiner (PBC) to 9:1, but a high-quality injected laser diode (LD) was required. Two lights with different wavelengths were modulated to generate a quasi-rectangular waveform, and a special dispersion delay difference of two waveforms was controlled by a long single mode fiber (SMF) to generate a triangular waveform [24] , which was used to modulate this rectangular signal to generate a sawtooth. Although this scheme can generate desired triangular, rectangular and sawtooth waveforms, it is difficult to control the time delay of SMF and two lasers were involved. Reference [25] has proposed an improved scheme, where three kinds of waveforms can be obtained by using two parallel MZMs. However, these waveforms cannot be generated at the same time. Reference [27] can generate these waveforms via a cascaded MZMs, which maybe suffered the difficulty of precise controlling the polarization. The TDS processes the envelopes of optical signals instead of manipulating spectral lines, which is not easily caused by the external environment, but it is difficult to accurately control the amplitude, phase and polarization of each spectral line.
Additionally, microwave signals with high spectral purity and low-phase noise can be obtained by using an optoelectronic oscillator (OEO). Therefore, it has been widely used to replace the radio frequency (RF) source for AWG generation [28] - [32] , even more electro-optic devices were employed. Reference [28] has used two LDs and a dualloop OEO to generate two quasi-rectangular waveforms with different wavelengths, and the triangular waveform can be generated by controlling the phase of two envelops of lights. Reference [29] has employed a dual-loop OEO and polarization multiplexing to obtain a fundamental microwave signal and a triple-frequency signal, which can be merged into a triangular waveform by a PBC. However, these methods can only generate the triangular waveform. Note that OEO can not only replace the RF source, but also generate a highquality microwave signal. Then we have reported a new method to generate triangular waveform base on polarizationmodulated optoelectronic oscillator (P-M-OEO) in MWP 2017 [33] , here we focus on a photonic microwave waveform generation strategy by combining FDS and TDS with an OEO.
In this paper, we propose a novel approach to realize more functions by using P-M-OEO in photonics microwave waveforms generation. Hence, a cascaded MZMs can be used to expand the diversity of the waveforms combined with the P-M-OEO [34] . A rectangular waveform can be generated by using the generated microwave signal to directly drive the second MZM. A 50% duty cycle sawtooth (reversedsawtooth) is generated in TDS with the generated triangular waveform driving the third MZM. After that, a 100% duty cycle sawtooth (reversed-sawtooth) with frequency doubling can be obtained by using polarization multiplexing. VOLUME 6, 2018 This method combines the advantages of FDS, TDS and OEO. Fig. 1 illustrates the operational principle of the proposed photonic waveform generator. The CW from an LD is split into two branches by an optical splitter (OS). In the upper branch, the optical signal enters into a P-M-OEO. The MZM 1 is a polarization-sensitive equipment and the orthogonal part is not modulated. Fig. 2 shows the operational principle of the P-C-OEO in Fig. 1 , where the parallel and orthogonal parts of the modulation axis can be written as X and Y , respectively. Assuming that α is the injection angle between the X -axis and the optical signal, and the signal can be written as
II. PRINCIPLE
where G 0 and ψ 0 are the optical amplitude and the carrier angular frequency, respectively. When P-M-OEO reaches the threshold, it generates a sinusoidal signal to drive MZM 1, and then Eq. (1) can be written as
where θ = π V bias /V π is the phase shift, η = π V m /2V π is the modulation index of the MZM and ψ k is the angular frequency of the oscillating signal. By substituting V bias = V π , Eq. (2) can be expanded by Bessel anger as
Eq. (3) shows that the even-order sidebands and the optical carriers are suppressed in the X -axis, while the optical signal in Y -axis remains the same. Using a tunable band pass filter (TBPF) to filter out all the negative terms in the X -axis, the optical signal is given by
The optical signal passes through the PC 2 and enters into the polarizer (POL). The angle between the polarization direction of POL and the X-axis of optical signal is β. Only considering the first two terms, after the POL processing, the signal can be approximately described by
If α and β can satisfy the following case:
sin α sin β = cos α cos β
The electric signal from PD can be then expressed by
A. TRIANGULAR WAVEFORM
The Fourier series expansion of a triangular wave is given by 
Eq. (9) shows that the synthesized results are agreeable to the first two orders of the Fourier series expansion of the triangular waveform in Eq. (8) .
B. RECTANGULAR WAVEFORM
The Fourier series expansion of a rectangular waveform is given by
It contains only odd-order harmonics. Similar to triangular waveform generation, only considering the first two orders can get an accurate approximation. When the DC-bias of MZM2 is at its quadrature point, the light passes through a PD and the coefficients of photocurrent can be expressed as [35] I (t) ∝ D + M cos(ψt) + N cos(2ψt) + Z cos(3ψt) (11) where Fig. 4 shows that when the modulation index-η is 1.141, the coefficient of |M/Z| is equal to 3 and the value of B (0.00127) is small, indicating that the approximate method of rectangular waveform is feasible. Using the external modulation of CW, a quasi-rectangular waveform can be directly generated. Thus, we simulate the results of different η values at the quadrature point of MZM 2, as shown in Fig. 5 (a) . The generated sinusoidal signal is used to drive the MZM 2 and the obtained waveforms are shown in Fig. 5 (b) , where the values of η are 0.785, 1.141 and 1.413. From Fig. 5 , we can see that when η is 1.141, a better approximation of the rectangular waveform can be obtained, since the power ratio of the harmonics approaches the theory limit.
C. SAWTOOTH WAVEFORM
The Fourier series expansion of a sawtooth waveform can be expressed by
Both the odd-order terms and the even-order terms are in the series of the sawtooth waveform, but the coefficients decrease slowly according to Eq. (8) . Therefore, it is difficult to generate a sawtooth waveform through managing the spectral lines. A triangular waveform can be viewed as a symmetrical sawtooth, while the steep rising edge of the rectangular waveform is approximately vertical, which can be designed to obtain a 50% duty cycle sawtooth waveform in TDS. The triangular waveform and the rectangular waveform are, respectively, written as
where m is an integer, A is the amplitude of the waveform and T is the period of the waveform. A triangular waveform drives the optical signal with a rectangular waveform in the MZM 3, as shown in Fig. 1 . It is regarded as a rectangular window filter to carve a triangular in TDS, which remains the signal in the window and generates a 50% sawtooth waveform. The corresponding signal processing can be written as
Eq. (15) shows the generation of a sawtooth waveform with 50% duty cycle. After that, a polarization beam splitter (PBS) separates the optical signal into two parts. By adjusting two-way phase-delay (m+1/2)T, they are combined at the PBC to generate a 100% duty cycle sawtooth waveform, and Fig. 6 shows the principle of the processes.
III. EXPERIMENT AND RESULTS
To verify the feasibility of the proposed photonic waveform generator, we have executed an experimental demonstration. The center wavelength of the LD is 1550 nm and its output optical power is 13 dBm. An OS (50:50) is used to split the optical signal. In the P-M-OEO, an MZM with 10-GHz bandwidth and a TBPF (Santec OTF-350) are used to process the signal and the length of SMF is 5 km. The signal satisfies the theoretical condition after the POL by adjusting PC 1 and PC 2 properly. In the processing, a PD with VOLUME 6, 2018 FIGURE 6. Sawtooth waveform generation based on TDS and polarization multiplexing.
10-GHz bandwidth is used in the loop and another PD with 20-GHz bandwidth is used to detect the signal. An electrical spectrum analyzer (ROHDE&SCHWARZ FSW, with bandwidth 43.5 GHz), a spectrometer (Yokogawa AQ6370C) and an oscilloscope (Tektronix DPO 72504D) are implemented to measure the results. As the oscillator works steadily, the EBPF with 3-GHz center frequency is used to choose the frequency components. The electrical amplifier (EA) can not only amplify the signal but also obtain a high gain of the OEO loop. A feedback sinusoidal source with a repetition rate of 3 GHz can be obtained. Fig. 7 shows the generated RF signal with a span of 200 MHz. When the bias of MZM 1 is adjusted at the minimum transmission point, and the angle between the CW transmission polarization and the optimum modulating polarization of MZM 1 is set to α, the optical carrier and the even orders are suppressed in the X -axis, and the carrier is not modulated in theȲ -axis. Fig. 8 (a) shows the demonstration of this optical spectrum at point B. When the signal enters into the PD, a microwave waveform with a repetition rate of 6 GHz is obtained. Its power is 15.53 dB higher than that with a repetition rate of 3 GHz, as shown in Fig. 8 (b) . And the root mean square error (RMSE) between the measured waveform power and ideal waveform power is 0.2354.
The optical signal passes through the TBPF, and Fig. 9 (a) shows the optical spectrum. The TBPF filters out all the negative terms and only retains the first-, third-order harmonics, and the optical carrier. By adjusting the PC 2 to satisfy that the angle between the polarization of POL and theX -axis is β, and the modulation index of MZM 1 is 1.51, a triangular waveform (at point C) at the output of POL can be generated. Fig. 9 (b) shows the generated triangular waveform, indicating that the 3-GHz repetition rate triangular waveform is clear and steady. Fig. 9 (c) shows that the power of the first-order sideband is 19.12 dB higher than that of the third-order sideband, approaching to the theoretical value of 19.08 dB, and the corresponding RMSE is 0.0293.
Using the generated microwave signal to drive the MZM 2, when increasing the gain of the microwave signal and adjusting MZM 2 to work at its quadrature point, the quasi-rectangular waves can be obtained. Fig. 9 shows the obtained rectangular waves, where Fig. 10 (a) shows that the waveform is transformed from the sinusoidal wave to the rectangular waveform gradually, and the corresponding electrical spectrum is shown in Fig. 10 (b) . Fig. 10 (c) shows the waveform where the gain is 3 dB higher than that of Fig. 9 (a) , and Fig. 10 (d) is the corresponding electrical spectrum. These results verify that different values of η can generate waveforms with different modulation index. Fig. 10 (c) is chosen as an optimum because the corresponding RMSE is 0.3352, which is lower than that of former 0.4101.
After that, the ODL 1 is used to adjust the phase of quasi-rectangular wave before the light entering into the MZM 3. In the MZM 3, the previously generated triangular waveform modulating optical light with the quasirectangular wave, the sawtooth with 50% duty cycle can be obtained. Fig. 11(a) shows the waveform and Fig. 11(b) is the corresponding electrical spectrum. Additionally, adjusting ODL 1 to change the phase to (m + 1/2)T can obtain another 50% duty cycle reversed sawtooth, where the waveform and the corresponding electrical spectrum are shown in Figs. 11(c) and (d) , and the corresponding RMSEs are 0.1158 and 0.1162, respectively.
The PBS/PBC and the ODL 2 can transfer the 50% duty cycle sawtooth into 100% duty cycle. Actually, the ODL 2 can accurately control the phase difference of two branches; the PC 6 and PC 7 control the power before the lights pass through the PBC. Adjusting the PC 6, PC 7, and the ODL 2 can obtain 100% duty cycle sawtooth and reversed sawtooth. The triangular waveform generation of our scheme is depending on OEO, which not only removes the RF signal but also obtains a high-quality output signal. In addition, the results of Fig. 10, Fig. 11 and Fig. 12 are very similar to [24] . Because both of them generate the sawtooth via pulse curving, but our method based on the OEO, and the structure of proposed P-M-OEO can be well integrated with the cascaded MZMs. Furthermore, only one LD is used in our system, and the triangular waveform generation by FDS can escape the difficulty in adjusting the length of SMF to control the time delay caused by the dispersion, and PBS/PBC can avoid interference of two lights.
IV. CONCLUSIONS
A novel photonic approach to generate microwave signals has been studied theoretically and demonstrated experimentally. By managing the spectral lines in FDS can generate 3-GHz triangular waveforms. Meanwhile, high-quality microwave signals and double-frequency signals have been achieved simultaneously. In addition, 3-GHz quasi-rectangular waveforms have been generated by directly modulating, and 50% duty-cycle 3-GHz sawtooth waveforms have been also generated in TDS. After that, 100% duty cycle sawtooth waveforms have been obtained by polarization multiplexing modus. The proposed method has the advantages such as high efficiency, flexibility, multifunction, and easy operation. When the center frequency of EBPF is tunable, a multifunctional photonic waveform generator of tunability would be achieved. We found that the proposed method can develop the performance of photonic waveform generation and increase the diversity of waveforms generation. Therefore, this proposed method is a promising candidate for AWG.
